The datasets of the larger project described in the introduction, used to create the results of this manuscript are published on the Northeast data portal (<http://www.northeastoceandata.org/>) and the Nature Conservancy's Conservation Gateway ([www.conservationgateway.org](http://www.conservationgateway.org)).

Introduction {#sec001}
============

Ecosystem-based fisheries management should enhance marine resource management \[[@pone.0177333.ref001]\]. This approach often requires complicated, interdisciplinary analysis appropriately interpreted, synthesized, and communicated to policy-makers and stakeholders. This complexity often limits implementation to the conceptual stage \[[@pone.0177333.ref001], [@pone.0177333.ref002]\]. Maps can synthesize data across disciplines and help people understand spatial concepts. Pauly et al. \[[@pone.0177333.ref003]\] states, "Ecosystem-based implies that fisheries-relevant ecological processes, and fisheries themselves, need to be documented in the form of maps". A stepwise process of mapping and layering habitat and animal datasets will improve communication and understanding of ecosystem-based fisheries management \[[@pone.0177333.ref002]\]. Maps and datasets of individual animal distributions or environmental features are an important first step as they promote the understanding of these components and document their initial conditions \[[@pone.0177333.ref002]\]. They also facilitate the aggregation of system parts, which are needed for analysis of biodiversity and animal-environment interactions, and can be combined with spatial information about human activities to aid in marine spatial planning.

The need for a more spatially explicit, comprehensive picture of the marine environment and human activities is exemplified along the U.S. Northeast Shelf. In this region, federal, state, tribal and fishery management council members, with stakeholder engagement, have developed the Northeast Ocean Plan to enhance the management and development of the region's ten primary ocean resources. The plan summarizes a process, within existing regulatory frameworks, to achieve goals for each of these resources in an ecosystem-based approach \[[@pone.0177333.ref004]\]. A key component of the plan is an online, public data portal that provides access to data related to each primary ocean resource to aid in developing a multifaceted, regional perspective on ocean management issues.

The Northeast Ocean Plan identified six overarching research priorities for future datatypes to be added to or generated from the data portals. In collaboration with The Nature Conservancy, we conducted a regional mapping project to create data products that addressed research priorities 1. "Improved understanding of marine life and habitats" and 5. "Characterize changing conditions and resulting impacts to existing resources and uses" within the Northeast Ocean Plan \[[@pone.0177333.ref004]\]. Specifically, the goals were to create maps that could synthesize the distribution of benthic animals, description of the seafloor habitat, and fluctuations in ocean conditions. The project leveraged data from an image based sea scallop (*Placopecten magellanicus*) survey \[[@pone.0177333.ref005]\] and an oceanographic model \[[@pone.0177333.ref006]\] to produce maps and datasets that provided baseline knowledge of 12 benthic megafauna groups, 5 substrate characteristics, and 6 physical variables on monthly, annual and decadal time scales. The spatial resolution of these products was defined by the New England Fishery Management Council's Swept Area Seabed Impact (SASI) model grid. The SASI model is a quantitative tool for evaluating fisheries management alternatives by examining the tradeoffs between habitat impacts and fishery yields \[[@pone.0177333.ref007]\]. All maps and datasets from this project are available through the Northeast and Mid-Atlantic data portals and the Nature Conservancy's Conservation Gateway.

Here the overall methods and data products of the project are described and a sub-set of the data is used to produce a map identifying persistent benthic megafauna assemblages in relation to bottom temperature variability, to demonstrate how visual layering can help promote ecosystem-based, spatial thinking. Abundance data was used to map areas of persistent concentrations of benthic megafauna and the maps were layered to identify the composition and location of benthic megafauna assemblages. The assemblage map was then combined with a decadal bottom temperature variability map. The result was a spatially explicit identification of animal assemblages and the temperature variability they persisted in from 2003 to 2012 over approximately 90,000 km^2^ of the U.S. Northeast Shelf.

Methods {#sec002}
=======

With the aid of the commercial sea scallop fishing industry, the University of Massachusetts Dartmouth, School of Marine Science and Technology (SMAST) surveyed the U.S. Northeast Shelf from the southern Mid-Atlantic to the USA-Canadian border on eastern Georges Bank from 2003 to 2012 between late April and the end of June ([Fig 1](#pone.0177333.g001){ref-type="fig"}). The survey used underwater video footage and a two-stage sampling design with stations sampled on regular grids and four quadrats sampled at each station \[[@pone.0177333.ref005]\]. At each station a pyramid was lowered to the seafloor. Mounted on the pyramid were two downward facing cameras that provided 2.84 m^2^ and 0.60 m^2^ quadrat images of the seafloor. Another camera, mounted parallel to the seafloor, provided a side profile of the quadrat area to aid in species identification. The vessel was allowed to drift approximately 50 m and the pyramid was lowered to the seafloor again to obtain a second quadrat; this was repeated four times. Sampling four quadrats at each station increased the sampled area to 11.36 m^2^. Within each quadrat, macroinvertebrates and fish were counted and the substrate was identified. When possible macroinvertebrates and fish were identified to species, otherwise animals were grouped into categories based on taxonomic orders \[[@pone.0177333.ref008]\]. Sediment types observed in quadrat images were mapped over the spatial extend of the survey using the methods of \[[@pone.0177333.ref009]\]. No permission for this sampling was required as the method was non-invasive and did not involve endangered or protected species. However, scientific research letters of acknowledgment were obtained from the National Oceanic and Atmospheric Administration for each survey to coordinate research activities with enforcement of federal regulations.

![The spatial extent of datasets integrated into Swept Area Seabed Impact (SASI) model grid.\
The University of Massachusetts Dartmouth School of Marine Science and Technology (SMAST) broadscale drop camera survey was conducted from 2003--2012 on a 5.6 km grid, with finer scale surveys on 1 to 4 km grids in certain years, to monitor sea scallop populations. The Northeast Coastal Ocean Forecast System (NECOFS) was used to hindcast oceanographic conditions.](pone.0177333.g001){#pone.0177333.g001}

Monthly and annual hindcasts of bottom and surface temperature (°C) and salinity, and average and maximum bottom stress magnitude (N m^-2^) generated by the Northeast Coastal Ocean Forecast System (NECOFS) were used to characterize environmental variables in the benthic survey area. The oceanic components of the NECOFS model were created based on the Finite-Volume Coastal Ocean Model \[[@pone.0177333.ref006]\]. This model has assimilated sea surface temperature and sea surface height on a daily basis and monthly temperature and salinity measurements since 1978. Hindcast fields have been validated by comparing results with many in-situ measurements of tidal water level change, temperature and salinity throughout the water column, and surface currents \[[@pone.0177333.ref006], [@pone.0177333.ref010]--[@pone.0177333.ref012]\].

The Swept Area Seabed Impact grid consists of approximately 6,200 uniquely identified cells, a core of about 5,600 10 x 10 km^2^ cells and about 600 irregularly shaped cells along the border with areas less than 100 m^2^, in U.S. federally managed waters from Maine to North Carolina. Benthic survey stations from 2003--2012 were overlaid onto the grid and only grid cells with a survey station within 5.6 km of each border were utilized to prevent overextrapolation of the benthic survey data \[[@pone.0177333.ref013]\]. This resulted in a domain of 920 grid cells([Fig 1](#pone.0177333.g001){ref-type="fig"}) and data products that match the spatial scale utilized by regional managers \[[@pone.0177333.ref007]\]. Several survey stations were outside of, but within 5.6 km of grid cell and were assigned to the closest cell. Animal observations from each station within or closest to a grid cell were then averaged to create annual and decadal abundance values for each cell. Substrate information from the benthic survey was already incorporated into the SASI model, so it was not repeated here \[[@pone.0177333.ref007]\]. The analysis was limited to the 12 most frequently observed animal groups in the largest camera view, consisting of count or presence/absence data, to focus map and data products on the dominant benthic megafauna ([Table 1](#pone.0177333.t001){ref-type="table"}). For each grid cell integrated benthic survey information included average depth, average animal count (abundance or number of quadrats per a station present), and the standard deviation of animal counts from the survey stations assigned to the cell for each year from 2003 through 2012 and for all 10-years combined ([Fig 2](#pone.0177333.g002){ref-type="fig"}).

10.1371/journal.pone.0177333.t001

###### The 12 most frequently observed animal groups, in order of most to least observed, in the drop camera survey dataset.

![](pone.0177333.t001){#pone.0177333.t001g}

  Animal Group
  -------------------------------------------
  Sea Stars
  Sea Scallops (*Placopecten magellanicus*)
  Bryozoans/Hydrozoans
  Sand Dollars (*Echinarachnius parma*)
  Hermit Crabs
  Skates
  Sponges
  Red Hake (*Urophycis chuss*)
  Moon snails (*Euspira heros*)
  Crabs
  Flatfishes
  Holes (burrowing animals)

Bryozoa/Hydrozoa, sand dollars, sponges, and holes were only recoded as present or absent. Animal groups without scientific names, indicate animals grouped into categories based on taxonomic orders (refer to \[[@pone.0177333.ref008]\] for detailed information on the species that make up these groups).

![Visualization of benthic animal dataset created from integration of The University of Massachusetts Dartmouth School of Marine Science and Technology drop camera survey data into the Swept Area Seabed Impact model grid.\
The dataset includes abundance information for eight animal groups (sea stars, sea scallops, hermit crabs, skates, red hake, moon snails, crabs, and flatfishes) as well as presence/absence data for four additional groups (bryozoa/hydrozoa, sand dollars, sponges, and burrowing species) on an annual and decadal scale. In addition, each uniquely identified cell contains information on the number, average depth, and variation between the survey stations used to create the data within the cell.](pone.0177333.g002){#pone.0177333.g002}

Oceanographic hindcast data were integrated into the grid cells to create monthly, annual and decadal values of each environmental variable in a similar manner as the benthic survey data. However, NECOFS output locations are structured so that their density varies proportionally with the rate of depth change and environmental modeling difficulty. As a result, 24 grid cells did not have model output locations within them and were assigned the value from the closest output location. Environmental data consisted of average monthly, annual and decadal values, associated standard deviations, and the number of model output locations used to create these values ([Fig 3](#pone.0177333.g003){ref-type="fig"}). All spatial analysis was conducted using ArcGIS (version 10.2).

![Visualization of environmental dataset created from integration of The Northeast Coastal Ocean Forecast System data into the Swept Area Seabed Impact model grid.\
The dataset includes information for six environmental variables (surface and bottom temperature and salinity, and maximum and average bottom stress) on monthly, annual and decadal scales. In addition, each uniquely identified cell contains information on the number and variation between the model output locations used to create the data within the cell.](pone.0177333.g003){#pone.0177333.g003}

Areas of persistent, high concentrations for each animal group were mapped if a grid cell contained an abundance above the 50^th^ percentile within a year for more than half of observed years. Annual percentiles for Georges Bank and the Mid-Atlantic were calculated separately for cells observed for at least 6 years. The individual animal group maps were layered to identify cells with concentrations of multiple groups. Persistent benthic megafauna assemblages were defined as cells containing more than 3 concentrations of individual animal groups.

Areas with unusually high or low annual temperatures were also mapped. For each year, monthly and annual average bottom temperature values were subtracted from the 10-year average values by cell. The positive and negative residuals were averaged separately to identify the average higher and lower variation. These average variation values were increased by one standard deviation to identify the range of "normal" deviation from the 10-year average. Cells that contained residuals outside of this "normal" range were identified by year. Maps of these bottom temperature anomalies and persistent benthic megafauna assemblages were overlaid to display the degree of overlap. To test if a statistical correlation supported patterns revealed by mapping, a Spearman correlation was conducted to test for a relationship between the number of persistent, high animal concentrations and temperature anomalies per SASI grid cell. This correlation is a simple way to test for a relationship between two variables and therefore aligned with the exploratory nature of the manuscript \[[@pone.0177333.ref014]\]. A non-parametric test was chosen because the frequency distribution of both variables was skewed towards zero.

Results {#sec003}
=======

Sea stars, sea scallops, and hermit crabs were the dominant animal groups as concentrations were present over broad areas of both Georges Bank and the Mid-Atlantic ([Fig 4](#pone.0177333.g004){ref-type="fig"}). Skate concentrations were present in parts of northeastern Georges Bank, west of Georges Bank and the northern Mid-Atlantic ([Fig 4](#pone.0177333.g004){ref-type="fig"}). Crabs concentrations were primarily located in the nearshore, southern portion of the Mid-Atlantic, but also in some of the shallower areas of Georges Bank ([Fig 4](#pone.0177333.g004){ref-type="fig"}). Concentrations of red hake were primarily observed on Georges Bank. Moon snail and flatfish concentrations only occurred on Georges Bank, but were much less frequent than any other animal group ([Fig 4](#pone.0177333.g004){ref-type="fig"}).

![Areas of consistent concentrations of eight benthic animal taxa.](pone.0177333.g004){#pone.0177333.g004}

There were three clusters of persistent benthic megafauna assemblages, two on Georges Bank and one in the southern Mid-Atlantic ([Fig 5](#pone.0177333.g005){ref-type="fig"}). The largest was a swath of 3,500 km^2^ (35 cells) in the southwestern region of Georges Bank ([Fig 5](#pone.0177333.g005){ref-type="fig"}). Within this swath, 3,000 km^2^ included concentrations of both sea stars and sea scallops. When four or five animal concentrations were present, the assemblage generally had a combination of hermit crabs, red hake, and skates or all three in addition to sea scallops or sea stars. However, in most of the southernmost area of the swath (900 km^2^) hermit crabs were absent. The 800 km^2^ with six animal groups consisted of sea stars, sea scallops, hermit crabs, red hake, and skates plus flatfishes or moon snails (with one exception). Moon snail concentrations were part of persistent benthic megafauna assemblages only when six animal groups were present. In contrast, crab concentrations were never part of persistent benthic megafauna assemblages when six animal groups were present. The assemblages in the 500 km^2^ area (5 cells) in the northeast portion of Georges Bank were comprised of concentrations of sea stars, sea scallops, hermit crabs, and skates except for one 100 km^2^ area. This area included concentrations of flatfishes, but not sea stars. Flatfish concentrations were also included in a 100 km^2^ area 5 animal group concentrations ([Fig 5](#pone.0177333.g005){ref-type="fig"}). The areas in the Mid-Atlantic, totaling 900 km^2^, were all comprised of concentrations of sea stars, sea scallops, hermit crabs, and crabs except for the northern most 100 km^2^. This area included concentrations of skates, but not sea stars. Skate concentrations were also included in the one 100 km^2^ area with 5 animal group concentrations ([Fig 5](#pone.0177333.g005){ref-type="fig"}).

![Areas and frequency of consistent benthic animal concentrations and bottom temperature anomalies.\
The bottom panel displays bottom temperature anomalies only for areas with persistent benthic assemblages. Outlined areas are closed to mobile, bottom fishing gear except for the hatched areas, which are periodically opened to sea scallop fishing.](pone.0177333.g005){#pone.0177333.g005}

Unusually warm or cold average bottom temperature occurred during at least one year over 76,500 km^2^ of the 90,000 km^2^ examined ([Fig 5](#pone.0177333.g005){ref-type="fig"}). Average bottom temperatures in 2012, which resulted in mean temperatures 1.6 to 2.2°C higher than the 10-year average, impacted almost the entire region ([Fig 6](#pone.0177333.g006){ref-type="fig"}). The deeper areas of Georges Bank and the deeper or southern most areas of the Mid-Atlantic were the only large groupings of cells not affected by warm temperatures in 2012. Most of these areas had no anomalies in any other year ([Fig 5](#pone.0177333.g005){ref-type="fig"}). Areas with two years of unusual temperatures were affected by the warm temperatures in 2012 and cold temperatures (1.5 to 2.6°C lower than the 10-year average) in 2003 or 2004 ([Fig 6](#pone.0177333.g006){ref-type="fig"}). Three areas had three years of unusual bottom temperatures ([Fig 5](#pone.0177333.g005){ref-type="fig"}). The two in the Georges Bank area had abnormally low temperatures in 2003 and 2007, but abnormally high temperatures in 2012. Similarly, the group along the shelf break in the Mid-Atlantic had two years of anomalous cold average bottom temperature (2003 and 2004) and an abnormally high bottom temperature in 2012 ([Fig 6](#pone.0177333.g006){ref-type="fig"}).

![Areas of bottom temperature anomalies.\
An anomaly was present when an annual temperature value was one standard deviation higher (red) or lower (blue) than the average variation from 2003--2012. Only years from 2003--2012 with temperature variations outside of this range are displayed.](pone.0177333.g006){#pone.0177333.g006}

Overlaying the animal assemblage and bottom temperature maps revealed assemblages in areas of temperature stability and variability. Most (98%) of the persistent assemblages on Georges Bank were found in areas with 1 or less years of anomalous temperature ([Fig 5](#pone.0177333.g005){ref-type="fig"}) and the number of animal concentrations was negatively correlated to the number of years of anomalous temperature (r~S~(319) = -0.36, p \< 0.01). In contrast, all the persistent assemblages in the Mid-Atlantic were found in areas with 2 or 3 years of unusual temperatures ([Fig 5](#pone.0177333.g005){ref-type="fig"}) and the number of animal concentrations was positively correlated to the number of years of anomalous temperature (r~S~(321) = 0.40, p \< 0.01).

Discussion {#sec004}
==========

The concentration maps represent decadal distribution snapshots of several prevailing taxonomic groups, which can be utilized individually or collectively. Individually, each concentration map is a spatial representation of the environment in which each taxonomic group persisted in, and can be interpreted as a habitat map \[[@pone.0177333.ref015]\]. Collectively, these maps identified persistent assemblages which are important for understanding benthic community structure. By identifying an assemblage, it becomes clearer which animals may be affected by positive or negative impacts to another member of the benthic community. For example, sea scallops, sea stars, and hermit crabs appear to form the foundation of a benthic community on both Georges Bank and in the Mid-Atlantic (Figs [4](#pone.0177333.g004){ref-type="fig"} and [5](#pone.0177333.g005){ref-type="fig"}). These three taxa were present in 65% of assemblages on Georges Bank and 89% of assemblages in the Mid-Atlantic, despite the 56 different possible combinations of choosing three groups from eight. The result implies that a mechanism links these three taxa and that changes in abundance or distribution of one could impact the other two.

The mechanism linking sea scallops, sea stars, and hermit crabs may be related to areas of sea scallop concentrations with high mortality. Sea scallops are one of the dominant benthic macroinvertebrates on the continental shelf of the northwest Atlantic occurring from the Gulf of St. Lawrence to Cape Hatteras, North Carolina in a wide range of depths (2--384 m) and temperatures (1--20°C), but strongly associated with sand-gravel substrate \[[@pone.0177333.ref016]\]. They are ideally shaped for living in high flow conditions and create depressions in the sediment to improve feeding, which may create refuge for species less adapted to strong currents or that need surfaces to attach to \[[@pone.0177333.ref005], [@pone.0177333.ref016]\]. The predator-prey relationship between sea stars and sea scallops is well documented \[[@pone.0177333.ref017], [@pone.0177333.ref018]\], but the presence of hermit crabs in this group is new. Hermit crabs are scavengers that increase in abundance in areas after fishing \[[@pone.0177333.ref019]\]. The link may be especially strong to sea scallop fishing, due to the discarding of sea scallop guts at-sea \[[@pone.0177333.ref008]\]. When the assemblages are mapped in the context of areas open (periodically or continually) or closed to sea scallop fishing, 85% are within areas open to scallop fishing ([Fig 5](#pone.0177333.g005){ref-type="fig"}). However, hermit crabs were also present in all but one of the assemblages in areas that have been closed to fishing for approximately 20 years \[[@pone.0177333.ref020]\]. These areas and most of the areas open to fishing experienced extremely large sea scallop settlement events in the past fifteen years, which indicate areas of high abundance, but also high juvenile mortality \[[@pone.0177333.ref021]\]. Though these extremely large sea scallop settlement events are relatively uncommon, they may indicate areas consistently receiving sea scallop spat that can be preyed upon by sea stars and scavenged by hermit crabs. Lastly, large natural mortality events of sea scallops have been documented in areas corresponding with the southern swath on Georges Bank \[[@pone.0177333.ref022], [@pone.0177333.ref023]\]. From a broad-scale perspective, this assemblage appears linked to areas with a combination of sea scallop fishing, high sea scallop juvenile settlement, or substantial adult sea scallop die-offs.

The bottom temperature anomaly maps indicate different patterns of variability on Georges Bank and Mid-Atlantic. On Georges Bank, bottom temperatures fluctuated more in the shallow, center of the shelf, in contrast the Mid-Atlantic Bight tended to be more variable along the shelf break in ([Fig 5](#pone.0177333.g005){ref-type="fig"}). Besides 2012, when the entire study area was unusually warm, there was no synchrony between anomalies in the two different regions. For example, in 2003, the center of Georges Bank had an unusually high annual temperature, while the Mid-Atlantic shelf break had an anomalously cold annual temperature. This aligns with the general characterization of these areas as different sub-regions \[[@pone.0177333.ref024]\] and suggests the impacts of climate change may be different in these two regions, though they are often grouped together for large scale climate change analysis \[[@pone.0177333.ref025]\]. This is exemplified by the last glacial maximum, which covered Georges Bank, but left the Mid-Atlantic as a refuge area for marine taxa \[[@pone.0177333.ref026]\].

Combining the assemblage and temperature anomaly maps can help understand regional or species level differences in climate change resilience. The sea scallop-sea star-hermit crab assemblage was observed in portions of the Georges Bank without temperature anomalies, but also in the areas of the Mid-Atlantic that had the most bottom temperature variability in the study regions. This result could be viewed as a representative, snapshot of overall variability in the region and is supported by the wider range of annual bottom temperatures in the Mid-Atlantic compared to Georges Bank from 1977 to 2013 \[[@pone.0177333.ref027]\]. This highlights the importance of considering past environmental variability when investigating the resilience of these animals to long term environmental change as persistence in areas with annual fluctuations as high as 2.2°C above the decadal averages demonstrates resilience to extreme temperature conditions. Due to this, the assemblage in the Mid-Atlantic may have an improved level of resiliency to temperature change compared to the same group of animals on Georges Bank that adapted to a habitat with less temperature variability. For example, long-clawed hermit crab (*Pagurus longicarpus*) populations are genetically different between Massachusetts and the Carolinas due to isolation by distance since the last glacial maximum, suggesting physiological differences may exist as well \[[@pone.0177333.ref028]\]. Sea scallops also exhibit genetic evidence for adaption to regional environmental conditions, though sea scallop populations show connectivity between Georges Bank and the Mid-Atlantic \[[@pone.0177333.ref029]\]. If these assemblages represent one patchy population of each species without regional adaptations to environmental conditions, results suggest an overall resilience to temperature variability. In both regions, the distribution of the persistent assemblages may be driven by factors such optimal depth, water flow, or substrate type which may supersede the impact of changes in temperature variability \[[@pone.0177333.ref030]\]. The central portion of Georges Bank, with high temperature variability, was not surveyed enough to quantify persistence. However, low sea scallop abundance was observed in the years it was surveyed and its exclusion from the annual survey area was due to low utilization by the U.S. sea scallop fleet also suggesting low sea scallop abundance.

Mapping multiple ecosystem elements over a 90,000 km^2^ area yielded insight into two major research topics needed to better understand the U.S. northeast continental shelf. Each step created data products that were combined to show a wide spread benthic assemblage persisted in habitats with different temperature variation patterns. Understanding this initial state difference indicates potential differences in climate change resiliency and is an important first step needed to identify regime shift \[[@pone.0177333.ref031]\]. These findings and data products offer information on a scale that correlates with marine spatial planning, and should be used as starting point for further investigation. For example, more focused examination of the large areas with persistent assemblages may reveal a more refined distribution, especially since some of the grid cells include areas closed and open to fishing and assemblages appeared more diverse on Georges Bank than in the Mid-Atlantic. Additional environmental factors such as substrate type or bottom stress magnitude to characterize the environment around persistent assemblages or inclusion of more animal taxa would also build upon these initial findings. This type of approach could be executed by utilizing the data products from the larger project or other spatially specific information available on public data portals. Overall, ecosystem ecology grew from species ecology as the field evolved to place more emphasis on the interactions between different species, including humans \[[@pone.0177333.ref032]\]. The growth of maps from single to multiple elements echoes this evolution and can help promote and facilitate the multifactor, ecosystem-based thinking needed to support regional ocean planning.
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